CdS nanotubes with wall thickness comparable to excitonic diameter of the bulk material are synthesized by a chemical route. A change in experimental conditions result in formation of nanowires, and well-separated nanoparticles. The diameter and wall thickness of nanotubes measured to be 14.4 ± 6.1 and 4.7 ± 2.2 nm, respectively. A large number of CdS nanocrystallites having wurzite structure constitute these nanotubes. These nanotubes show high energy shifting of optical absorption and photoluminescence peak positions, compared to its bulk value, due to quantum confinement effect. It is proposed that nucleation and growth of bubbles and particles in the chemical reaction, and their kinetics and interactions are responsible for the formation of nanotubes.
Introduction
The discovery of carbon nanotubes (Iijima 1991 ) has generated considerable research interest to synthesize such type of tubular nanostructures of other materials and study its properties. Carbon nanotubes are conceptualized as the wrapping of graphite layers into a seamless cylinder. Synthesis of single crystalline nanotubes of other similar type of layered materials like BN (Chopra et al. 1995) , M oS 2 (Feldman et al. 1995) and W S 2 (Tenne et al. 1992 ) are reported. In these materials, there exists a strong force within the layer plane, but a weak van der waals force between the inter-layer planes. It helps such materials to self assemble in the form of nanotubes. However, comparatively more isotropic materials like CdS (Zhan et al. 2000) , CdSe , GaAs , and Si (Yu et al. 1998) tend to form nanowires instead of nanotubes. Therefore, nanotubes of these isotropic materials are generally synthesized by using nanowires as templates. CdS nanotubes are also synthesized by using Sn nanowires as the template (Hu et al. 2005 ). However, those synthesized CdS nanotubes have a wall thickness much larger than the excitonic diameter of the bulk CdS (6 nm). Hence, no quantum confinement effects could be observed. Aspect ratio and wall thickness of nanotubes play a major role in its mesoscopic properties (Masale et al. 1992 ). The quantum confinement effect can be observed if the wall thickness of nanotube is comparable to the excitonic diameter of bulk material. It should be noted that quantum confinement effects are least studied in one-dimensional systems, particularly with tubular structure, as compared to other low-dimensional systems.
The present work reports a single-step chemical process to synthesize micron length CdS nanotubes with wall thickness comparable to the excitonic diameter of the bulk material. A change in experimental condi- * e-mail: amulya@iopb.res.in tions result in formation of nanowires, and well separated nanoparticles. A mechanism of formation of the nanotube is described. It is proposed that bubbles are playing the key role in formation of nanotubes. Optical absorption and photoluminescence measurements are carried out in order to study the quantum confinement effect.
Experimental
The precursors used for the synthesis of CdS nanotubes are thiourea (NH 2 CSNH 2 ), Cadmium sulfate (CdSO 4 ), ammonia (NH 3 ), and poly vinyl alcohol (PVA). 0.01 M aqueous solution of CdSO 4 and thiourea are prepared separately. About 5 mL of 3 M aqueous ammonia solution is added through a buret into 20 mL of CdSO 4 solution in a slow stirring condition. During addition of ammonia it turns to a turbid white solution and then becomes completely transparent. A total of 15 mL of 4% aquous solution of PVA (degree of polymerization: 1,700 -1,800) is added to it. About 20 mL of thiourea solution is then put in the same stirring condition, and left in the ambient condition without any further stirring. After around 10 min the solution becomes pale yellow color, which suggests formation of CdS. After 90 min, carbon coated Cu-grids are dipped into this yellow color solution and held aloft to dry. These dried grids are used for transmission electron microscopy (TEM) analysis. For other experiments nanotubes are collected by centrifugation.
TEM is performed using JEOL-2010 operated at 200 KeV electron beam energy. X-ray diffraction (XRD) was conducted on a philips PW1877 diffractometer using Cu K α radiation. Optical absorption measurements are carried out by using a dual beam Shimadzu UV-3101 PC spectrophotometer. The photoluminescence (PL) measurements are carried out using 369 nm line from a Oriel Hg/Xe lamp as the source of excitation. Luminescence is detected by a PMT detector attached with Jovin Yvon TRIAX-180 spectrometer. Experiments are carried out in ambient temperature. 
Results and discussions
The formation of CdS nanotubes is confirmed by transmission electron microscopy (TEM). The typical TEM micrographs at a lower and at a higher magnification are shown in Fig.1a , b, respectively. From Fig.1a , it is not possible to conclude whether these are nanotubes or nanowires. However, it is conformed that these nanostructures are of micron lengths and have high aspect ratio. With higher magnification (Fig.1b) , a contrast between the solid side wall (darker contrast) and hollow middle part (lighter contrast) of these one-dimensional structure is observed. It gives the signature of forma- The electron diffraction (ED) pattern is shown in Fig.  3a . The rings in ED pattern suggests polycrystalline nature of the nanotubes. These nanotubes are not single crystalline, but consists of numerous nanocrystallites as it can be seen in high resolution electron micrograph (Fig.3b) . It seems large number of nanocrystallites bind together and form nanotube. X-ray diffraction ( The chemical reaction mentioned above, leads to supersaturation of CdS concentrations. According to classical nucleation theory (Markov 1995) , the energy required to form a critical particle homogeneously is given by:
where A n is surface area and σ n is specific surface free energy of the n-th surface of the particle. Since crystal faces with different crystallographic orientation have different specific surface energy, the crystallite form a shape in which the total surface energy will be minimum. It should be noted that the chemical route adopted to synthesize CdS nanotube is similar to the chemical bath deposition technique to make bulk CdS thin films (Pavaskar et al. 1977 ). The optimization parameters like concentration of the reactant and working temperature are varied. PVA is also used during these chemical synthesis process. PVA is a surface active and water soluble polymer. Although, it does not take part in the chemical reaction, its addition increases viscosity (Briscoe et al. 2000) and decreases surface tension (Bhattacharya and Ray 2004 ) of the solution.
According to the Henry's law, the amount of a gas dissolved in a given volume of liquid,C eq , is directly proportional to the partial pressure of that gas,P , above the liquid. It can be written as:
where k is the Henry's law constant.
As viscosity of the solution is increased due to addition of PVA, the diffusional escape of the ammonia gas decreased and higher concentration of gas generated inside the solution than its equilibrium concentration. It results in supersaturation and nucleation of ammonia gas bubble inside the solution.
The energy required to form a critical bubble homogeneously (Landau and Lifshitz 1999; Bowers et al. 1995) is given by
here σ is the surface tension and C s is the supersaturation concentration. The probability of formation of critical bubble is proportional to exp(−W b /T ). Due to presence of σ 3 term in the numerator of W b , the probability of formation of gas bubbles is increased significantly by the reduction of surface tension.
Although we considered the case of a homogeneous nucleation, the colloids ( both bubbles and particles ) most likely nucleate heterogeneously, as later process is energetically favorable than the former.
These colloids experience the gravitational forces due to its mass, the buoyant force due to the displaced fluid and the frictional force due to viscosity of the medium. This leads to a terminal velocity at which these colloids will move and is given by the equation (Lamb 1945 
Here ρ ′ and η ′ are the density and dynamic viscosity of the colloids, respectively. Similarly ρ and η are the density and dynamic viscosity of the medium, respectively. g is the acceleration due to gravity and r is the radius of the colloids. For particles, we can approximate η ′ ≫ η; and for bubbles, η ′ = 0 and ρ ′ = 0. Hence, according to the above equation, the terminal velocity of colloids with size in nano range have a negligibly small terminal velocity. These colloids also experience a random force that originates from fast collisions with molecules of the medium. This gives rise to Brownian motion of the colloids. The average squared displacement of the colloid, x 2 , that follows Brownian motion, after time t from its initial position is given by (Reif 1965 )
The average squared displacement is inversely proportional to the radius of the colloid and to the viscosity of the medium. Hence, diffusive motion dominates the motion of the particles and bubbles. These particles and bubbles encounter during their random motion inside the solution, and during this process, the particles get attached with the bubbles. It should be noted that particlebubble attachment can occur when particle-bubble contact time is longer than the induction time (Dai et al. 1999 ). Hence, reduction in induction time enhance the attachment efficiency. As bubbles and particles are very small in size, the induction time is very small and attachment efficiency is very high. The induction time is defined as the time for the liquid film between the particle and the bubble to thin, rupture and form a equilibrium three-phase contact. It is observed that CdTe nanoparticles spontaneously aggregate into a pearl-necklace like structure upon controlled removal of the protective shell of organic stabilizer, and subsequently recrystallize into nanowires (Tang et al. 2002) . These CdTe nanoparticles have a large dipole moment and the dipole-dipole interaction between them is responsible for their unidirectional selforganization (Sinyagin et al. 2005 ). CdS nanoparticles with wurzite crystal structure also have a large dipole moment (Sinyagin et al. 2005; Blanton et al. 1997 ; Shanbhag and Kotov 2006). Hence, particle-attachedbubble as a whole may has a strong net dipole moment; and dipole-dipole interaction between these particleattached-bubbles is primarily responsible for their unidirectional aggregation. The adjacent nanoparticles on the bubble surface probably get attached at a planar interface, reduce total surface energy and transform into a stable nanotube. In the aggregation-based crystal growth ( Banfield et al. 2000 ; Penn and Banfield 1998), random force imparted on the nanoparticles by the medium molecules helps them in rotation and attachment at a planar interface so that they can share a common crystallographic orientation. However, even a small misorientation can lead to dislocation at the interfaces. As the medium is viscous and CdS nanoparticles are attached on a curved surface with equilibrium three phase contact, particles could not perfectly orient and attach in a atomically flat interfaces to give a dislocation free single crystalline nanotube. However, annealing after synthesis can help in improving the crystallinity.
It should be noted that colloids after nucleation goes through subsequent growth dynamics along with the above mention steps like bubble-particle attachment and unidirectional aggregation of particle-attached-bubbles. The colloids smaller than its critical size dissolve as surface energy is large. Colloids bigger than the critical size only grow. The attachment of colloids also reduces the total surface energy and effective size of the colloid become more than its critical radius. Hence, formation of nanotubes with a high aspect ratio are favorable and stable. In the TEM measurement, it is observed that inner wall of nanotubes are comparatively less smooth than the outside wall. A TEM micrograph of a nanotube in a formative stage, in which bubbles are coalescing, is shown in figure (Fig.5a ). Other possible nanostructures like nanoparticles, nanowires, nanowires with spherical cavity (Fig.5b) are also observed in TEM measurements, although they are few in number. These observations lead to believe that bubbles are responsible for hollowness inside the nanotube.
In order to confirm the role of PVA, experiments are carried out in similar experimental condition by not using PVA, and by using much higher amount of PVA (25 mL of 20% aquous solution). Nanowires are seen in TEM measurements instead of nanotubes, when PVA is not used in the experiment. The typical TEM micrographs at a lower and at a higher magnification are shown in Fig.6a,b respectively. In this case probably bubbles did not nucleate. Nanoparticles get aligned unidirectionally due to their dipole moment and nanowires are formed. Formation of nanowires even in the absence of PVA exclude the possibility that linear chain structure of polymer is someway acting as a template for unidirectional aggregation of the nanoparticles, and forming nanotubes. When excess amount of PVA is used, the solution becomes very viscous. Only after ≈4 h ( in contrast to ≈10 min), the solution becomes pale yellow color. The solution then kept for another 90 min, and then spin-coated on a Cu-grid to carry out TEM measurements. Even though TEM is carried out by taking the grid on a liquid nitrogen cooled sample stage, the PVA matrix forms voids due to the heating effect of electron beams. However, it can be seen that nanocrystals are well separated. With too much increase in viscosity, the decrease in diffusive length of nanocrystals is significant (see Eq. 5). So nanocrystals could not aggregate to form nanowires or nanotubes. A typical TEM micrograph is shown in Fig.  7 . It should be noted that well separated HgS nanocrystals are also synthesized by a similar chemical procedure using PVA (Mahapatra and Dash 2006) .
Most of the interesting properties exhibited by semiconducting nanomaterials are attributed to quantum confinement effect. The electronic energy levels are strongly dependent on the size and also on the shape of the nanostructure (Kayanuma 1991 ). In the onedimensional systems charge carriers are confined in two dimensions and free in one dimension. The spatial confinement of carriers leads to band gap widening and most directly realized by a high energy shift in optical absorption and photoluminescence peak. Quantum confinement effect for zero-dimensional system is studied both theoretically (Kayanuma 1988 ) and experimentally (Vossmeyer et al. 1994) in detail. However, it is not well understood for one-dimensional systems, particularly with tubular structure. The optical absorption spectrum and photoluminescence (PL) spectrum of CdS nanotubes are shown in Figs. 8, 9 , respectively. An excitonic peak appears at 464 nm in the optical absorption spectrum. The peak position is blue shifted by 48nm from its bulk band gap value (512 nm). The experimental PL data is fitted as the sum of two Gaussian functions, among which one is due to incident line. The PL peak is best fitted with the Gaussian of 492 nm mean and 26 nm standard deviation. It should be noted that, the PL peak position is also blue shifted from its bulk band gap value. High energy peak shifting in the optical absorption and PL spectra are expected due to quantum confinement effect as nanotube wall thickness is comparable to excitonic diameter of bulk CdS.
Luminescence that are observed in semiconductor nanomaterials are generally excitonic and trapped emissions. Excitonic emission is sharp and can be observed near the absorption edge if the material is pure (Pankove 1975) . However, if the material is impure or off-stoichiometric then a broad and intense emission occur at higher wavelength due to recombination of charge carriers at trapped states. Hence the band edge luminescence that appears at 492 nm is due to excitonic transition. Band edge luminescence at 470 nm is also observed for CdS nanotubes synthesized by sacrificial template method (Li et al. 2006 synthesized by sacrificial template method also show a very intense and broad peak centered around 560 nm due to presence of trapped states. No such peak is observed in our synthesized CdS nanotubes. This suggests purity and stoichiometric nature of our synthesized CdS nanotubes. Excitonic transition in a semiconductor can be observed well only at low temperature. However, it can be observed even at room temperature due to enhancement of oscillator strength in the low-dimensional systems (Kayanuma 1991) . It should be noted that excitonic transitions is not observed in optical absorption and PL measurements for bulk CdS which was prepared by the similar chemical route (Pavaskar et al. 1977 ). However, a clear excitonic feature arises in both absorption and PL measurements when it forms nanotubes. The PL peak is red shifted by 150 meV with respect to absorption peak. Such a large red shift, known as stokes shift, of 147 meV is also reported for CdS nanoparticles (Tamborra et al. 2004) . The difference in the absorption and emission states avoid sample self-absorption and could be very useful in making LEDs (Sze 1981) .
Conclusion
CdS nanotubes with wall thickness comparable to excitonic diameter of the bulk material are synthesized by a chemical synthesis process. These synthesized nanotubes show band gap widening and enhanced oscillator strength due to quantum confinement effects. A large stokes shift of 150 meV is also observed. Bubbles are responsible for the hollowness of nanotubes; and bubbles of dissolved gases can be utilized to make nanostructures with hollow interior.
